Without healing, multicellular life on Earth would not exist. Without healing, one injury predisposes to another, leading to disability, chronic disease, accelerated aging, and death. Over 60% of adults and 30% of children and teens in the United States now live with a chronic illness. Advances in mass spectrometry and metabolomics have given scientists a new lens for studying health and disease. This study defines the healing cycle in metabolic terms and reframes the pathophysiology of chronic illness as the result of metabolic signaling abnormalities that block healing and cause the normal stages of the cell danger response (CDR) to persist abnormally. Once an injury occurs, active progress through the stages of healing is driven by sequential changes in cellular bioenergetics and the disposition of oxygen and carbon skeletons used for fuel, signaling, defense, repair, and recovery. > 100 chronic illnesses can be organized into three persistent stages of the CDR. One hundred and two targetable chemosensory G-protein coupled and ionotropic receptors are presented that regulate the CDR and healing. Metabokines are signaling molecules derived from metabolism that regulate these receptors. Reframing the pathogenesis of chronic illness in this way, as a systems problem that maintains disease, rather than focusing on remote trigger(s) that caused the initial injury, permits new research to focus on novel signaling therapies to unblock the healing cycle, and restore health when other approaches have failed.
Introduction
Much of modern Western medicine is based on the principles of acute interventions for poisoning, physical injury, or infection. These principles trace to historical figures like Paracelsus (1493-1541), Ambroise Paré (1510 -1590 ), and Louis Pasteur (1822 -1895 . These acute care interventions are now widely used in the modern fields of pharmacology, toxicology, urgent care, emergency medicine, and surgery. When caring for acute disruptions in health, the careful identification of the trigger, or cause of the problem, and the anatomical location of the defect, is an important part of good medical care. However, when dealing with chronic illness, treatments based on the rules of acute care medicine have proven less helpful, and can even cause harm by producing unwanted side-effects (Qato et al., 2018) .
In chronic illness, the original triggering event is often remote, and may no longer be present. Emerging evidence shows that most chronic illness is caused by the biological reaction to an injury, and not the initial injury, or the agent of injury itself. For example, melanoma can be caused by sun exposure that occurred decades earlier, and posttraumatic stress disorder (PTSD) can occur months or years after a bullet wound has healed. If healing is incomplete between injuries, more severe disease is produced. If a new head injury is sustained before complete healing of an earlier concussion, the clinical severity of the second injury is amplified, and recovery is prolonged. This occurs even when the energy of the second impact was less than the first. Progressive dysfunction with recurrent injury after incomplete healing occurs in all organ systems, not just the brain. Chronic disease then results when cells are caught in a repeating loop of incomplete recovery and re-injury, unable to fully heal. This biology is at the root of virtually every chronic illness known, including susceptibility to sequential or recurrent infections, autoimmune diseases like rheumatoid arthritis, diabetic heart and kidney disease, asthma and chronic obstructive pulmonary disease (COPD), autism spectrum disorder (ASD), chronic fatigue syndrome (CFS), cancer, affective disorders, psychiatric illnesses, Alzheimer dementia, and many more.acute illness. This success has decreased infant mortality, lowered mortality from infections and trauma, and has improved survival after heart attacks, strokes, and cancer. However, this success has led to a sea change in medicine. Instead of spending the majority of time treating acute illness, physicians and health care workers in 2018 now spend the majority of time and effort caring for patients with chronic disease. Over $2.5 trillion is spent every year in the US to care for patients with chronic illness (Burke, 2015) . While it has been tempting to treat this rising tide of chronic disease by using the principles that have proven so successful in acute care medicine, a growing literature supports the conclusion that every chronic disease is actually a whole body disease-a systems problem-that cannot be solved using the old paradigm. For example, autism, bipolar disorder, schizophrenia, Parkinson, and Alzheimer disease each affect the brain, but are also characterized by whole-body metabolic abnormalities that are measureable in the blood and urine (Gevi et al., 2016; Han et al., 2017; He et al., 2012; Varma et al., 2018; Yoshimi et al., 2016) . Rheumatoid arthritis affects the joints, but also has metabolic abnormalities in the blood that show an activated cell danger response (CDR) (Naviaux, 2014) for several years before the onset of clinical joint disease (Surowiec et al., 2016) . Coronary artery disease affects the heart, but is the result of long-standing abnormalities in metabolism called "the metabolic syndrome" (Mottillo et al., 2010) .
All chronic diseases produce systems abnormalities that either block communication (signaling), or send alarm signals between cells and tissues. Cells that cannot communicate normally with neighboring or distant cells are stranded from the whole, cannot reintegrate back into normal tissue and organ function, and are functionally lost to the tissue, even when they are surrounded by a normal mosaic of differentiated cells. As this process continues, two different outcomes are produced, depending on age. If the block in cell-cell communication occurs in a child, then the normal trajectory of development can be changed, leading to alterations in brain structure and function, and changes in long-term metabolic adaptations of other organs like liver, kidney, microbiome, and immune system. If the communication block occurs in adults, then organ performance is degraded over time, more and more cells with disabled or dysfunctional signaling accumulate, and age-related deterioration of organ function, senescence, or cancer occurs.
Blocked communication and miscommunication inhibit progress through the healing cycle, and prevent normal energy-, information-, and resource-coordination with other organ systems (Wallace, 2010) . This predisposes to additional damage and disease. When chronic disease is seen as a systems problem in which the healing system is blocked by key metabolites that function as signaling molecules-metabokines-new therapeutic approaches become apparent that were hidden before. What follows is a description of our best current model of the metabolic features of the healing cycle. Future research will be needed to flesh out additional details.
Materials and methods

Bioinformatic analysis of P2Y1R-related proteins
A TBLASTN search of the human genome was conducted using the P2Y1R protein (Uniprot P47900, ENSP00000304767) as the reference. The top 156 matching sequences were recovered. After removal of pseudogenes, partial, and duplicate sequences, the top 91 unique genes recovered ranged from 257 to 388 amino acids in length, shared a 22%-42% identity with P2Y1R, had blast scores of 70-740, and e-values of 8 × 10 −10 to 2 × 10 −66 . TAS2R46, a bitter taste receptor, encoded by the T2R46 gene, was used as an outgroup for tree construction. Sequence alignments were performed using the clustal w method in MegAlign (Lasergene v15.1, DNAStar Inc., Madison, WI). Tree analysis and visualizations were performed using FigTree v1.4.3 (http:// tree.bio.ed.ac.uk/software/figtree/).
Bioinformatic analysis of P2X1R-related proteins
A TBLASTN search of the human genome was conducted using the P2X1R protein (Uniprot P51575, ENSP00000225538) as the reference. The only related genes found were the other 6 known P2X receptors. A BLASTP search of related proteins recovered 46 splice variants of the 7 known ionotropic P2X receptors. The 7 top sequences were 352-399 amino acids in length, sharing 38%-52% identity with P2XR1, and had blast scores of 291-831, and e-scores of 3 × 10 −91 to 5 × 10 −149 .
Gene ontology
A gene ontology analysis of the 91 P2Y1R-related genes was performed using the online gene list analysis tools available on the Panther Gene Ontology website (http://www.pantherdb.org/). The top 6 pathways had gene enrichments > 3 times the expected threshold, explained 98% of the connections, and had false discovery rates from 0.02 to 2.7 × 10 −65 .
Need for a systems biology of healing
The classical signs of inflammation that begin the process of wound healing have been known since before the time of . Medical students today still learn the classical Latin terms for the signs of inflammation as rubor, tumor, calor, dolor, and functio laesa (redness, swelling, heat, pain, and loss of function). In United States, the curriculum at most medical schools does not yet include a specific course on the molecular systems biology of healing. The descriptive elements of injury and healing are taught in traditional courses like pathology, histology, and during clinical service on the surgical and burn wards. However, a dedicated systems biology course, describing our current understanding of the choreographed changes in cell metabolism, biochemistry, gene expression, cell structure, cell function, and pathophysiology that occur after injury and during healing, is missing. The rapidly growing fields of Integrative (Rakel, 2018) , Functional (Baker et al., 2010) , and Natural (Pizzorno and Murray, 2013) Medicine devote considerable attention to the broader, multi-dimensional study of whole-body healing as it applies to the treatment of chronic illness. However, a modern synthesis of functional and traditional medicine with state-of-the-art medical technology directed at the molecular aspects of healing has not yet been achieved.
Metabolomics-A new lens for chronic disease medicine
The newest "omics" technologies to be added to the systems biology toolbox are metabolomics (Jang et al., 2018) and lipidomics (Harkewicz and Dennis, 2011) . Rapid advances in these emergent technologies were made possible by technological advancements in mass spectrometry that have occurred since about 2012. In 2018, we are still at least 10 years behind the technical sophistication of genomics, but a flood of new publications using metabolomics has revealed the first outlines of a missing link that connects the genes and disease. Whole-body chemistry appears to be this link (Fiehn, 2002) .
Metabolites as both matter and information
Chemistry provides the link between genotype and phenotype in two ways: (1) cell metabolism is the direct result of gene-environment interactions (G × E = metabolism), and (2) chemicals (metabolites) made by and processed by the cell have a dual biology as both matter and information. Metabolites have a well-known function as matter; metabolites are the physical building blocks used for cell growth, structure, function, repair, and as energy and electron carriers. In ecosystem theory, this metabolic matter represents resources for system structure, function and growth, and for energy to support ecosystem connectivity and resilience to purturbation (Bernhardt and Leslie, 2013) . Many metabolites also have a lesser-known function as information; they bind specific receptors to change behavior, regulate fetal and child development, shape the microbiome, activate neuroendocrine and immune systems, and regulate the autonomic and enteric nervous systems.
Metabolites like ATP, S-adenosylmethionine (SAMe), acetyl-CoA, NAD+, and others are used to modify DNA and histones directly to alter gene expression through epigenetics (Naviaux, 2008; Nieborak and Schneider, 2018; Wallace and Fan, 2010) . Other metabolites like α-ketoglutarate, succinate, fumarate, iron, FAD, and oxygen act as essential cofactors for epigenetic modifications. These metabolites, and others like propionyl-CoA, butyryl-CoA, succinyl-CoA, myristoyl-CoA, farnesyl-diphosphate, and UDP-glucose, also alter the function of other proteins by post-translational modifications of nuclear transcription factors and enzymes throughout the cell as a function of real-time changes in metabolism. Finally, dozens of metabolites act as signaling molecules called metabokines, by binding to dedicated cell surface receptors.
The healing cycle
The healing process is a dynamic circle that starts with injury and ends with recovery. This process becomes less efficient as we age (Gosain and Dipietro, 2004) , and reciprocally, incomplete healing results in cell senescence and accelerated aging (Valentijn et al., 2018) . Reductions in mitochondrial oxidative phosphorylation and altered mitochondrial structure are fundamental features of aging (Kim et al., 2018) . The changes in aging are similar to programmed changes that occur transiently during the stages of the cell danger response needed for healing (Naviaux, 2014) (Fig. 1) . Although the circular nature of healing seems obvious from daily experience with cuts, scrapes, and the common cold, the extension of this notion to a unified theory to explain the pathophysiology of chronic complex disease has only recently become possible. Technological advancements in mass spectrometry and metabolomics have permitted the characterization of 4 discrete stages in the healing cycle (Fig. 1) . The first of these is the health cycle, which requires wakeful activity alternating with periods of restorative sleep. The health cycle will be discussed after first reviewing the 3 stages of the cell danger response: CDR1, CDR2, and CDR3. Aspects of the CDR include the integrated stress response (ISR) (Lu et al., 2004) and the mitochondrial ISR (Khan et al., 2017; Nikkanen et al., 2016; Silva et al., 2009) . While all aspects of the CDR are coordinated by nuclear-mitochondrial cross-talk, the precise controls of the transitions between the stages of the CDR are largely unknown.
The following is a current model based on evidence drawn from many experimental studies. As such, the details must be considered provisional. The 3 stages of the CDR are energetically and metabolically distinct. The smooth transition from one step to the next is choreographed by metabolic signaling and regulated by 3 sequential quality control checkpoints, CP1, CP2, and CP3 (Fig. 1) . The checkpoints appear to interrogate mitochondrial and cellular function. The completion of each stage of the CDR appears to be decided largely on a cell-by-cell basis. These checkpoints are not regulated by a single, deterministic signaling molecule. Checkpoints are better considered as gates controlled by the synergistic effects of multiple permissive and inhibitory signals. The concentration of a particular signaling molecule is determined in part by the total number of cells in a tissue in each stage of the CDR. Both local and systemic signals are used. As such, the checkpoints that regulate progress through the healing cycle are probability gates. Based on real-time chemical signals and Fig. 1 . A metabolic model of the health and healing cycles. Health is a dynamic process that requires regular cycling of wakeful activity and restorative sleep. The healing or damage cycle is activated when the cellular stress exceeds the capacity of restorative sleep to repair damage and restore normal cell-cell communication. CDR1 is devoted to damage control, innate immunity, inflammation, and clean up. CDR2 supports cell proliferation for biomass replacement, and blastema formation in tissues with augmented regeneration capacity. CDR3 begins when cell proliferation and migration have stopped, and recently mitotic cells can begin to differentiate and take on organ-specific functions. Abbreviations: eATP; extracelllular ATP; CP1-3: checkpoints 1-3; DAMPs: damage-associated molecular patterns; DARMs: damage-associated reactive metabolites. mitochondrial function, each cell has a certain probability of entering the next stage of healing. This probability is 0%-100% based on cellspecific metabolism and the net effect of all the metabokines in the millieu around the cell. For any given cell, one step in the healing cycle cannot be entered until the previous step has been completed and mitochondrial function in that cell is ready for the next step. Restoration of normal communication between neighboring and distant cells is the last step of the healing cycle and is monitored by checkpoint 3 (Fig. 1) . Some of the chronic illnesses and ecosystem disruptions that result from stage-specific interruptions in the healing cycle are listed in Table 1 . Further studies will be needed to refine this provisional classification.
CDR1-Glycolysis, M1 mitochondria
The function of CDR1 is the activation of innate immunity, intruder and toxin detection and removal, damage control, and containment (Fig. 1) . The level of inflammation produced in CDR1 is adjusted according to need. A major trigger of CDR1 appears to be a fundamental change in cellular organization or order, generalized as thermodynamic entropy (Cunliffe, 1997) . Physical disruption of gap junctions that connect and coordinate cell function in tissues can activate the CDR. Other triggers include bacteria, viruses, fungi, protozoa, or exposure to biological or chemical toxins. In all cases, extracellular ATP and other metabokines are released from the cell to signal danger. This happens through stress-gated pannexin/P2X7 channels in the membrane and through an increase in vesicular export of ATP through SLC17A9, the vesicular nucleotide transporter (VNUT), and related transporters (Sakaki et al., 2013) .
Mitochondria change their function rapidly under stress. Within minutes, the normal anti-inflammatory M2 form of mitochondria that is specialized to meet the metabolic needs of the differentiated cell, is polarized toward pro-inflammatory, M1 mitochondria (Naviaux, 2017) (Fig. 2) . This initiates the oxidative shielding response needed for damage control and containment (Naviaux, 2012) . When less oxygen is consumed by mitochondria for energy production by oxphos, more oxygen becomes available for synthesis of oxylipin signaling molecules (Gabbs et al., 2015) and reactive oxygen species (ROS) for defense. The incorporation of oxidized nucleotides produced during the oxidative shielding response that occurs during CDR1 into newly synthesized mitochondrial DNA, and the release of small fragments of this new oxy- mtDNA into the cytosol is required for NLRP3 inflammasome activation (Zhong et al., 2018) . Release of newly synthesized double-stranded mitochondrial RNA into the cytosol also helps defend the cell during CDR1 by activating type I interferons and the antiviral response (Dhir et al., 2018) . A useful metaphor for communicating this transformation to lay audiences is as a change from powerplants to battleships. The powerplant function of M2 mitochondria is adapted for oxidative phosphorylation. The battleship function of M1 mitochondria is adapted for ROS (peroxides, superoxide, and singlet oxygen), reactive nitrogen species (RNS: nitric oxide and peroxynitrite), and reactive aliphatic hydrocarbons (RAHs: epoxides, acyl-, and amine-aldehyde) production. With M1 polarization, energy-coupled mitochondrial oxygen consumption drops, and cellular energy production switches to glycolysis and lactate production. This switch in bioenergetics is protective to cells when capillaries have been disrupted and the availability of oxygen for aerobic metabolism is compromised. Ischemic preconditioning exposes cells to a transient, sublethal stress that increases ROS and induces HIF1α and TIGAR (TP53-induced glycolysis and apoptosis regulator) for 1-3 days (Semenza, 2011; Zhou et al., 2016) . This treatment causes cells to enter CDR1, decreasing mitochondrial oxidative phosphorylation and increasing glycolysis. The result is a dramatic reduction in cell death when preconditioned cells in CDR1 are exposed to potentially lethal insults within the 1-3 day window of protection. If no cells are lost, preconditioned cells return directly to CDR3 and the health cycle via the direct stress-response track that is used regularly during restorative sleep (Fig. 1) .
A cell that adopts the CDR1 phenotype must functionally disconnect many lines of communication with neighboring cells. This is needed to make the metabolic and physical changes needed for cellular defense under threat. Communication with neighboring cells during this time is dramatically decreased and changed. The decrease in, and restructuring of cell-cell communication represents a kind of cellular autism that is not just beneficial, but required to initiate the healing process. However, because organs require tight cell-cell communication and coordination for optimum function, this disconnection of cells from the whole comes at a cost; normal organ function is temporarily decreased while cells pass through the steps of healing (Fig. 1) . This contributes to the "functio laesa", loss of function, described as a canonical feature of early wound repair and inflammation. Removal of debris and damaged cells is accomplished by the combined actions of polymorphonuclear and mononuclear phagocytes recruited to the site, venous, and lymphatic drainage. This loss of function can last for weeks or months after an injury before recovery occurs. One well-studied example is the stunned myocardium that can occur after acute myocardial infarction. After injury, a segment of heart muscle can remain alive and perfused, but non-contractile for months. When recovery occurs, it is accompanied by a shift in metabolism from glycolysis (CDR1), through a blended transition phase of aerobic glycolysis (CDR2), back to oxidative phosphorylation (CDR3) (Figs. 1 and 2 ). This sequence is associated with an increase in mitochondrial fusion proteins and normal fatty acid oxidation (Holley et al., 2015; van der Vusse, 2011; Vogt et al., 2003) , and a restoration of normal cell-cell communication needed for electromechanical coupling. CDR1 ends with passage through checkpoint 1 (CP1, Figs. 1 and 2 ). CP1 requires the creation of a less-oxidizing and less inflammatory extracellular environment that is conducive for shifting the thermodynamic balance from monomer to polymer synthesis needed for rebuilding RNA, DNA, proteins and membranes, and for the recruitment of previously quiescent satellite and stem cells into cell division in CDR2.
CDR2-Aerobic glycolysis, M0 mitochondria
The function of CDR2 is biomass replacement (Fig. 1) . Every organ and tissue has an optimum number and distribution of differentiated cell types that are needed for healthy organ function. When cells are lost, they must be replaced or organ function cannot be fully restored. Once the damage associated with the initial injury, infection, or toxin exposure has been cleared or contained in CDR1, the cells that were lost need to be replaced. In CDR2, stem cells are recruited to replace the lost biomass. Stem cells are present in all tissues throughout life. When activated, they will enter the cell cycle. The mitochondria in stem cells and their immediate daughter cells exist in a youthful, metabolically uncommitted state called "M0" (Fig. 2A) . M0 mitochondria help to facilitate aerobic glycolysis, also known as Warburg metabolism, which is needed for rapidly growing cells. During aerobic glycolysis, ATP is synthesized by glycolysis. However, M0 mitochondria still consume oxygen and electrons. Instead of using the potential energy gradient for synthesizing ATP by oxidative phosphorylation, M0 mitochondria dissipate the energy gradient by releasing metabolic intermediates needed for polymer synthesis and cell growth. For example, mitochondria are needed for de novo pyrimidine synthesis. The mitochondrial inner membrane protein, dihydroorotate dehydrogenase (DHODH) is required for the 4th step in de novo pyrimidine synthesis to make orotic acid. Orotic acid is needed to make UMP, which is then used to make all the Us, Cs, and Ts the cell needs for RNA and DNA synthesis, and for activated intermediates like UDP-glucose for receptor glycoprotein synthesis and glycogen synthesis, and CDP-choline for phosphatidylcholine synthesis. M0 mitochondria also supply succinyl-CoA and glycine for delta-amino levulinic acid (δ-ALA, also known as 5-ALA), porphyrin, and heme synthesis needed for cytochromes and hemoglobin. M0 mitochondria also synthesize and release citric acid, which can be used either in the cytosol or nucleus by ATP-citrate lyase Abbreviations: MODS-multiple organ system dysfunction in sepsis; SIRS-systemic inflammatory response syndrome; ARDS-acute respiratory distress syndrome; NOXs-NADPH oxidases; PARs-protease activated receptors (F2R/PAR1, F2RL1/PAR2, F2RL2/PAR3); IRF1-interferon regulatory factor 1; PHDs-HIF1α-targeting prolyl hydroxylase domain proteins; PPARs-peroxisome proliferator activated receptors; RSA-respiratory sinus arrhythmia; HRV-heart rate variability.
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Cell autonomy is associated with cellular disconnection, whole body stress, and activation of the HPA axis.
2
Ventral vagal tone via myelinated fibers from the nucleus ambiguus, measured by RSA and/or HRV. *For embryonic development and multilineage regeneration in some animals.
(ACYL) as a mobile source of acetyl-CoA. In the cytosol, the acetyl-CoA can be used to make fatty acids, triacylglycerol for energy reserves, and phospholipids for new cell membranes. In the nucleus, the acetyl-CoA is used by histone acetyl transferases (HATs) to place epigenetic marks on chromatin to regulate new gene expression and DNA repair (Sivanand et al., 2017) . CDR2 is a stage in which cells with too much DNA damage exit the cell cycle and can adopt an irreversible senescence phenotype, with secretion of exosomes, inflammatory cytokines, growth factors, and proteases (He and Sharpless, 2017) . CDR2 is also the stage in which fibroblasts and myofibroblasts are recruited to help close wounds or "wall-off" an area of damage or infection with scar tissue that could not be completely cleared in CDR1 (Fig. 1) . CDR2 is also when blastema formation occurs in certain aquatic organisms like the Mexican salamander (eg, Axolotl), flatworms (eg, Planaria), and Hydra that display the capacity for multi-lineage tissue regeneration after injury (Heber-Katz and Messersmith, 2018) . Less extensive blastema formation is seen as a feature of healing and multi-lineage regeneration in the MRL mouse, a strain of laboratory mouse with remarkable healing abilities (Heber-Katz, 2017; Naviaux et al., 2009) .
Recent studies have begun to target metabolic enzymes that regulate CDR2. A class of proline hydroxylase domain proteins (PHDs) that mark HIF1α for proteasome degradation acts as a tissue oxygen sensor. Drug inhibition of a PHD increased HIF1α stability and expression in the presence of normal oxygen, permitted blastema formation, and improved epimorphic regeneration in strains of mice that cannot otherwise fully regenerate after injury (Zhang et al., 2015) . During CDR2, dividing and migrating cells are unable to establish long-term metabolic cooperation between cells because their location within tissues is continuously changing. Only after cells have stopped growing and migrating can they begin to establish long-term symbiotic relationships with neighboring cells that build physiologic reserve capacity, provide resistance to re-exposure to a similar environmental danger, and benefit the whole. Once cells exit the cell cycle and establish durable cell-cell contacts through gap junctions and other structural connections, they can exit CDR2 and enter CDR3 (Figs. 1 and 2).
CDR3-Cell autonomous oxphos, M2 mitochondria
The functions of CDR3 include cellular differentiation, tissue remodeling, adaptive immunity, detoxification, metabolic memory, sensory and pain modulation, and sleep architecture tuning (Fig. 1) . Cells that enter CDR3 stop dividing and establish cell-cell connections with their neighbors. Newly-born cells, that were generated during cell growth from satellite or stem cells in CDR2, must undergo a process of cellular education that involves adjustments in gene expression, cell structure and metabolism, to best adapt to existing tissue conditions before they can take on the role of a fully-differentiated cell in the mature organ and tissue. Healing remains incomplete in CDR3 until newly-born cells differentiate by receiving metabolic instructions and materials from older, neighboring cells that carry the metabolic memories and programming from before the time of the tissue injury that activated the CDR.
Mitochondria in CDR3 cells repolarize from M0 to M2 organelles (Fig. 2) . Most remaining M1 mitochondria also repolarize to the M2, anti-inflammatory phenotype needed for differentiated cell function and oxidative phosphorylation (oxphos). This is accomplished in part by re-establishing permanent access to oxygen and nutritional resources, while permitting free release of metabolites and waste products to neighboring capillaries and lymphatics. Oxygen, iron, and sulfur delivery are differentiating and promote mitochondrial biogenesis of iron-sulfur clusters. Iron-sulfur clusters are needed for differentiated cell functions like oxidative phosphorylation, the anti-viral response, protein translation, genome integrity maintenance, and organ-specific physiologic functions (Braymer and Lill, 2017) . Outer mitochondrial membrane fusion proteins like mitofusin 1 and 2, and the inner membrane fusion protein Opa1 are also needed to achieve normal mitochondrial network morphology and fully differentiated tissue function (Cao et al., 2017; Del Dotto et al., 2017) (Table 2) .
As differentiation proceeds, cells also reestablish connections with the autonomic nervous system and tissue lymphatics. All blood vessels and most tissues receive innervation from the sympathetic and parasympathetic nervous systems. Metabolite and waste product removal helps to provide remote information to and from organs like the brain, liver, intestines, and kidney. Each of these organs participates in regulating whole-body absorption, secretion, metabolism, function, and behavior according to chemical signals that are circulated in the blood. Tissue-specific detoxification restarts in CDR3 and continues through the health cycle. A major regulator of checkpoint 3 is purinergic signaling. The health cycle cannot be reentered until extracellular levels of ATP and related ligands decrease. A decrease in eATP at the completion of CDR3 is a permissive signal that facilitates new and old cells to reestablish the physical, autonomic, and neuroendocrine contact needed for health (Fig. 1, Table 2 ). In many instances, the completion of CDR3 results in improved baseline physiogic performance and extended reserve capacity compared to before the stress or injury. At a cellular level, this is called hormesis (Fig. 3) and lies at the heart of adaptive improvements in both baseline performance and reserve capacities in response to many forms of stress. These stresses can range from exercise to radiation or chemical toxin exposure, drug tachyphylaxis, to stimuli that result in long-term memory (Calabrese and Baldwin, 2003; Chen et al., 2013; Ristow, 2014) . Fig. 3 . Timeline of the healing cycle and hormesis. Despite a cascade of events triggered by injury, and hundreds of molecular abnormalities that can be measured in each stage of the healing cycle, the arrow of time is not reversed to heal damage and normalize abnormal functions. The metabolic stages of the healing cycle proceed sequentially forward in time. Healing follows a similar path regardless of the mechanism of injury. *Once a chronic illness occurs, there is little practical difference between the severities possible for CDR1, 2, or 3 disorders. With rare exceptions, each can produce a spectrum from mild disability to death.
The health cycle-Harmonized and periodized bioenergetics
The function of the health cycle is to promote wakeful activity, restorative sleep, normal child development, adaptive fitness, and healthy aging. The health cycle is characterized by the balanced, integrated, and periodized usage of all three bioenergetics programs; glycolysis, aerobic glycolysis, and oxidative phosphorylation (Fig. 1) . Health requires brain integration and coordination of organ function and whole body metabolism using neuroendocrine and autonomic controls. Wakeful activity and a varied, seasonally-appropriate diet that is sourced from local ecosystems and consumed during daytime hours helped select the gene pools that humans received from their ancestors, up until about the last 200 years. Disruptions in this pattern of seasonal food availability, the increasing prevalence of night shift work, and the decline of traditionally active outdoor lifestyles, have led to new selection pressures on our inherited gene pool. Modern mass spectrometry and metabolomics have helped us achieve a more detailed understanding of the importance of dietary cycling that occurs naturally with the seasons and periodically with occasional short fasts that promote health throughout the year (Mattson et al., 2018) .
Cruciferous vegetables in a healthy diet contain isothiocyanates like sulforaphane that act rapidly as chemical pro-oxidants to transiently decrease the amount of intracellular glutathione. This short-term prooxidant effect produces a long-term increase in antioxidant defenses by blocking KEAP1 and Cullin 3-dependent ubiquitination, and permitting the translocation of NRF2 (nuclear factor 2 erythroid related factor 2) to the nucleus. In the nucleus, NRF2 acts as a transcription factor to upregulate over a dozen different cytoprotective proteins like glutamatecysteine ligase (GCL) to increase glutathione synthesis, glutathione-Stransferase (GST) for xenobiotic detoxification, and heme oxygenase 1 (HO1) for local synthesis of carbon monoxide (CO) at sites of heme extravasation to attenuate M1-polarized mitochondrial pro-inflammatory effects. While oxygen inhibits the stability of HIF1α, the same conditions increase the stability and support the transcriptional activity of NRF2. Acute stress leads to a normal, NRF2 activation response. In contrast, chronic activation by stress ultimately desensitizes and decreases NRF2 activation, and permits long-term increases in inflammation-associated NFkB activation (Djordjevic et al., 2015) . The normal health cycle requires the daily modulation of these cycles of increased and decreased oxygen-related redox stress associated with wakeful activity and restorative sleep ( Figs. 1 and 2 ).
Exercise and healthy aging
Exercise is medicine. Wakeful activity is essential for the health cycle ( Fig. 1) and healthy aging. Regular exercise appears to be the single most important habit known that mitigates the degenerative effects of aging. Moderate exercise creates a natural stimulus that facilitates restorative sleep and repair by creating balanced activation of all the stages of the healing cycle. In many important metabolic ways, exercise "reminds" the body how to heal and promotes disease-free health throughout life. Exercise is adaptogenic (Panossian, 2017) . Exercise increases physiologic reserve capacity and resilience to periodic exposure to stress or acute illness. Organ reserve capacity diminishes with age (Atamna et al., 2018) . Exercise combats this loss. Even just 15 min of moderate-to-vigorous exercise per day each week lowers allcause mortality by 22%. Older adults who completed > 30 min/day for 5 days each week had a 35% decrease in mortality over 7-10 years (Hupin et al., 2015; Saint-Maurice et al., 2018) .
Slow wave sleep and healing
Sleep is medicine. Slow wave sleep (SWS) and the associated increase in parasympathetic autonomic tone are important for healing and recovery during rapid growth in childhood (Takatani et al., 2018) . Disruptions in SWS and parasympathetic tone during sleep are risk factors for many chronic illnesses (Carney et al., 2016; Rissling et al., 2016) . Delta waves in an electroencephalogram (EEG) are defined as high amplitude (100-300 μV) slow waves (0.5-2 Hz). Delta waves are a normal feature of the deep stages 3 and 4 of sleep. Rapid growth and recovery after high-intensity exercise are associated with an increase SWS in children (Dworak et al., 2008; McLaughlin Crabtree and Williams, 2009 ). In classical mitochondrial diseases like Alpers syndrome, the need for brain repair is so great that delta waves are seen in the EEG even while awake (Naviaux et al., 1999) . Wakeful delta wave activity (slow wave activity) has also proven to be a useful biomarker in studies of traumatic brain injury (Huang et al., 2016) . Reciprocally, new methods are being developed to promote wakeful delta waves as therapy in patients with traumatic brain injury (Huang et al., 2017) .
Metabokines and their receptors
Metabokines, neurotransmitters, and immune regulators
While it is clear that both exercise and sleep influence metabolism, how does the cell leverage changes in metabolism to influence progression through the healing cycle? Metabolites have long been known to act as signaling molecules in neuroscience. All the classical neurotransmitters are technically metabokines. Molecules like serotonin, melatonin, acetylcholine, glutamate, aspartate, glycine, D-serine, GABA, dopamine, norepinephrine, epinephrine, histamine, anandamide, and adenosine are all products of metabolism that act as signaling molecules by binding to cellular receptors. There are even circulating classes of memory T-cells that contain the enzyme choline acetyl transferase (ChAT) and release acetylcholine in response to vagal nerve stimulation to activate important anti-inflammatory macrophages expressing the nicotinic acetylcholine 7 alpha subunit (nAch7α) (Baez-Pagan et al., 2015; Rosas-Ballina et al., 2011) . This signaling function of metabolites has not been widely incorporated into discussions of metabolic control of cellular functions and development. Metabolites act directly as informational molecules by acting as ligands for specific G-protein coupled and ionotropic receptors. Secreted metabokines alter the informational content of the extracellular millieu in many ways. One of these is through a process called exosignalling (Pincas et al., 2014) , which can prime cells for contextually-dependent, non-linear quantitative and qualitative responses to hormones and other signaling molecules. Purinergic receptors respond to adenine and uracil nucleotides and nucleosides (Verkhratsky and Burnstock, 2014) . Nineteen (19) purinergic receptors are present in the human genome (Fig. 4) . Four P1 receptors are 7-transmembrane G-protein coupled receptors (GPCRs) that respond to adenosine (ADORA1, 2A, 2B, and 3). Eight GPCRs are single-exon, P2Y receptors (1, 2, 4, 6, 11, 12, 13, and 14) that respond to ATP, ADP, UTP, UDP, and UDP-glucose (Fig. 4A) . Seven are multiexon, ionotropic P2X receptors (1-7) that respond to extracellular ATP and act as ion channels for calcium and potassium (Fig. 4B) .
Dendrogram and gene ontology analysis
To investigate the number of receptor systems that are related to the release of ATP and other nucleotides from stressed and damaged cells, a TBLASTN search was performed of human proteins related to the P2Y1 receptor, a prototypic purinergic receptor. The P2Y1R is a conventional, single exon, metabotropic, G-protein coupled receptor with 7 transmembrane domains. A dendrogram of the top 91 P2YR1-related proteins revealed a possibility of 6 groupings according to amino acid sequence and function in the healing cycle (Fig. 5A ). These are: A) hemostasis, pH monitoring, cannabinoid, Krebs cycle, leukotriene, and purinergic signaling, B) lysophospholipid, sphingolipid, cannabinoid, and metabolite signaling, C) eicosanoid, lactate, niacin, short chain fatty acid (acetate, propionate, butyrate, and the ketone body β-hydroxybutyrate), and protease signaling, D) viral co-receptors, glucose/ sucrose signaling, pro-inflammatory and anti-inflammatory peptides E) neuropeptides and other peptide hormones, and F) chemokines. A gene ontology analysis of the pathways that were enriched in this set of 91 proteins showed that about 50% of the pathways were involved in calcium signaling, 20% with cell movement, and the remainder divided among molecular regulation, immune response, apoptosis, and sensory processing (Fig. 5B) .
Ligand analysis
The ligands that bind to the 91 P2YR1-related proteins differ in size. Eight of the 91 related receptors in Fig. 5A use nucleotides, eg, ATP, ADP, UTP, UDP etc., as their canonical ligand. Another 35 of the receptors use other common metabolites and neurotransmitters like lactic acid, succinate, alpha-ketoglutarate, glutamate, short chain fatty acids, long chain fatty acids, eicosanoids, cannabinoids, sphingolipids, lysophospholipids, serotonin, and melatonin. A total of 43 of 91 (47%) receptors respond to metabokines less than about 400 Da in size. Twenty-four (26%) use peptides 4 to about 80 amino acids long (400-8000 Da), often released by proteolytic activation from an inactive precursor. Twenty-one (22%) respond to chemokines that are 8000 to 10,000 Da in size. Among these are receptors that are essential for innate immunity and for healing and regeneration after injury. For example, the CXCR4 binds to the chemokine CXCL12, also known as stromal derived factor 1 (SDF1), which negatively regulates multilineage regeneration (Heber-Katz, 2017) . Four (4%) of the 91 GPCRs related to P2YR1 are constitutively active, or have ligands that are not yet known (Table S1 ).
The TOGLEs that regulate metabolism
Transporters, opsins, G protein-coupled receptors, and their ligands and effectors (TOGLEs) are a diverse group of proteins that share a common evolutionary origin (Saier Jr. et al., 2016; Yee et al., 2013) . The single, most diverse superfamily of genes found in metagenomic surveys of ocean picoplankton (bacteria) are the bacterial rhodopsins (Venter et al., 2004) . Interestingly, the opsins are related to a group of phosphate, sulfur, cystine, heavy metal, organic acid, salt, and sugar transporters that share similar structures and transmembrane topologies. Difficulties in sensing, handling, or responding to many of these molecules have been documented in complex diseases like autism spectrum disorder (ASD) (Adams et al., 2011) . These transporters and opsins are related to G-protein coupled receptors (GPCRs) that constitute over 800 genes in the human genome (Gether, 2000) . The functional tie that binds all the TOGLEs together is their role in monitoring the cellular environment for signs of nutrient resources, recognizing friends, signaling danger, and facilitating social and reproductive behaviors. The very receptors that now permit cells to monitor minute changes in the chemical environment are descended from ancestral genes for color vision, smell, and taste (Liman, 2012) .
Hormone target resistance and axis suppression by the CDR
End organ resistance to hormone signaling is an intrinsic part of the CDR. Once a tissue suffers injury, a shift to dependence on local chemical cues and paracrine signaling is essential. Remote decision-making by endocrine glands cannot provide "boots on the ground", real-time instructions to injured cells when bidirectional lines of communication are disrupted. A shift from fully integrated and periodized metabolism to cell-autonomous metabolism is an obligate feature of CDR stages 1 and 2 (Figs. 1 and 2, Table 2 ). Re-establishment of hormone sensitivity begins during CDR3, and is required for re-entry into the health cycle (Fig. 1, Table 2 ). All known mechanisms of hormone resistance have been cataloged. Hormone release, target cell hormone metabolism (Incollingo Rodriguez et al., 2015) , and intracellular hormone signaling can each be attenuated by the CDR. End organ resistance during the CDR can affect all the major endocrine systems. Thyroid, adrenal cortical glucocorticoid and mineralocorticoid, and renin-angiotensin system attenuation states are common in patients with chronic fatigue syndrome (CFS). The most common forms of stimulus-response dysregulation lead to complex endocrine syndromes that do not fit classical medical definitions of deficiency or failure because residual hormone production can usually be shown by physiologic stimulation, but is suppressed. These complex disorders have sometimes been called thyroid or adrenal exhaustion syndromes. On the other side of the intracellular energy spectrum, insulin resistance associated with caloric excess and inactivity can lead to type 2 diabetes mellitus (DM2). In all these end-organ resistance states, the treatments that have been most effective are metabolic, diet, and lifestyle interventions that restore normal bidirectional function of the endocrine system. In contrast, chronic treatment with the hormone in question typically leads to iatrogenic side-effects, and dependence on the exogenous hormone. Knowledge of the cell autonomy requirement of the CDR helps reframe the causal mechanisms behind these previously unconnected syndromes (Figs. 1-3 , and Table 2 ).
Vagal target resistance and axis suppression by the CDR
The activity of the parasympathetic nervous system measured along a gradient of environmental safety is U-shaped. The ventral vagus complex (VVC) is comprised of myelinated fibers from the nucleus ambiguus to the vagus nerve. The VVC is most active under conditions of social attachment, caloric security, and physical safety. At the other extreme is the dorsal vagal complex (DVC). The DVC is also called the dorsal motor nucleus of the 10th cranial nerve (DMNX). The DMNX sends unmyelinated fibers to the vagus nerve. The DMNX is most active acutely under life-threatening conditions, and periodically in synchrony with the VVC during predictable changes in physiology associated with feeding, sleep, and reproduction. Since the majority of wakeful activity occurs between these two extremes of absolute safety and absolute danger, a large part of life is spent at the bottom of the "U", poised between the neurophysiologic and neuroendocrine commitment to one or the other. A shift to the left on the U-curve is in the direction of health and fitness (Lucas et al., 2018) . A shift to the right leads to chronic illness, disability, and death. When the CDR is chronically activated, the coordination between the two limbs of the vagus is disrupted. This results in disinhibiting the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA), which dominate during illness (Fig. 2, Table 2 ).
Disruption of cellular communication, and the associated increase in cell-autonomous and paracrine signaling by metabokines during the CDR is tightly associated with either a disruption in normal parasympathetic tone from the VVC, or end-organ resistance to cholinergic signals. This is typically quantified by measurements of respiratory sinus arrhythmia (RSA) and heart rate variability (HRV) (Porges, 2007) . Substages of the CDR occur during the transition between a fully active ventral vagus complex in health, its rapid inhibition by CDR1, and its gradual return in CDR3. The return of oxygen utilization by healing tissues during CDR2 and CDR3 is associated with increases in RSA and HRV (Fig. 2, Panel D) . Increased RSA and HRV are also known to be associated with endurance exercise and aerobic health (De Meersman, 1992 , 1993 .
When the normal cyclic variations in vagal outflow are disrupted during the CDR, a number of autonomic abnormalities occur. These include postural orthostatic tachycardia syndrome (POTS), and autoimmune disorders like pediatric autoimmune neuropsychiatric syndrome (PANS), and pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (PANDAS). All three of these disorders have autoimmune components that appear tied to a decrease or absence of normal anti-inflammatory signaling by the vagus. Vagal efferents mobilize T-cells from gut associated lymphoid tissue (GALT) in the GI tract. The T-cells then induce the anti-inflammatory M2 macrophage phenotype through nicotinic acetylcholine 7 alpha (nAch7α) receptors (Baez-Pagan et al., 2015) . Vagal efferents also inhibit cysteinyl leukotriene release by mast cells via nicotinic cholinergic signaling (Mishra et al., 2010) . Cysteinyl leukotrienes C4, D4, and E4 are also called the slow reacting substances of anaphylaxis, and bind to receptors closely related to P2Y receptors (CTLR1 and 2 in Fig. 5A ). Additional support for the important role played by cholinergic signaling from the vagus comes from the use of nicotinic cholinergic antagonists for neuromuscular blockade (NMBA) during anesthesia. Drugs like suxamethonium and atracurium are used for NMBA, and block nicotinic cholinergic signaling everywhere receptors exist, not just at the neuromuscular junction. These drugs are associated with a risk for anesthesia-induced allergic and non-allergic immediate type hypersensitivity reactions, especially in patients with known allergies and mast cell hypersensitivity (Laroche et al., 2017) . Even POTS has recently been shown to be associated with autoantibodies to the angiotensin II receptor (Yu et al., 2018) .
Tissue mosaics and cellular dyssynchrony in healing
Healing is necessarily heterogeneous and dyssynchronous at the cellular level. This occurs for three reasons: 1) all differentiated tissues and organs are mosaics of metabolically specialized cells with differing gene expression profiles that permit the metabolic complementarity needed for optimum organ performance, 2) physical injury, poisoning, infection, or stress do not affect all cells equally within a tissue, and 3) once a tissue is injured, cells that have not yet completed the healing cycle have not yet reintegrated back into the tissue mosaic, creating chinks or weaknesses in tissue defenses from the old injuries that makes a tissue more vulnerable to new injuries. This process gradually decreases organ function and cellular functional reserve capacity as we age.
Severe threats or injuries cause cells to disconnect from neighboring cells. The initial stages of healing require cell-autonomous actions. If a an entire organ or tissue is threatened, millions of cells will activate the cell danger response (CDR) program in an effort to survive, at the expense of their normal differentiated cell functions. If injury, or the threat of injury, is severe enough, signals are sent from the brain to alter organismal behavior to limit the chances of worsening injury, or the chance of spreading contagion to family or community members. The brain coordinates this stereotyped sickness behavior during activation of the CDR (Dantzer and Kelley, 2007; Naviaux, 2014) . The rate at which cells are able to progress through the healing cycle differs according to the local severity of the danger and the ability of the host to mount protective defenses. Metabolic memory of past exposures primes the cellular response to future exposures, even when the original trigger or stress is no longer present.
Genes, drugs, and devices that regulate stages of the CDR
To date, the only drug that has been tried explicitly as a treatment for a blocked CDR to promote healing is suramin Naviaux et al., 2015; Naviaux et al., 2017; Naviaux et al., 2013) . A recent study of a device for pulse-based transcranial electrical stimulation to stimulate restorative, wake-time delta wave activity and to improve the quality of sleep has shown promise in the treatment of traumatic brain injury (TBI) (Huang et al., 2017) . Brain delta waves are associated with a shift in metabolism that facilitates brain and body repair, recovery, and healing. Once the healing cycle ( Figs. 1 and 2 ) is understood in greater detail, many other drugs and treatments may emerge that are designed to provide novel approaches to treating CDRassociated chronic diseases (Table 1) . While increased ATP release from cells is a part of each of the 3 stages of the CDR (Fig. 1) , other metabolites and genes play more selective roles. By studying the metabolites, genes, and cell types involved in each stage, more selective therapies can be developed. For example, the NRF2 and hypothalamic-pituitaryadrenal (HPA) axis appear to be involved early in CDR1 and do not require the physical loss of cells as a decision point indicated by the "I" for "information" in Fig. 1 .
Organisms have the capacity to mount a similar metabolomic response to stress, regardless of whether the triggering event is neuropsychiatric (Picard et al., 2015) , or physical cell damage (Nishi et al., 2013) . In both cases, mitochondria are the pivotal organelle (Picard et al., 2017) . In both cases extracellular ATP is released by stressed cells as a first alarm for entering CDR1 and the healing cycle ( Fig. 1) and intracellular calcium handling is regulated (Schmunk et al., 2017) . When glucocorticoids are directly released by ATP stimulation of the adrenal cortex by stressed or damaged cells, hypothalamic corticotrophin releasing factor (CRF) and pituitary ACTH are decreased by feedback inhibition. On the other hand, childhood or adult neuropsychological stress can lead to direct stimulation of CRF. In addition to CRF receptors in the brain, peripheral CRF receptors exist in the GI tract and other organs (Buckinx et al., 2011) . Peripheral metabolic responses to stress appear to be regulated in part by urocortin acting on peripheral CRF2 receptors in the kidneys and GI tract (Lovejoy et al., 2014) . Drugs and supplements directed at NRF2 or CRF2 signaling may have broad-reaching effects since they will affect the entry and completion of the earliest stage of the cell danger response (Fig. 1, Table 2 ).
HIF1α (hypoxia induced factor 1α), mTOR (mammalian target of rapamycin), and the arylhydrocarbon receptor (AhR) are important for CDR2-associated cell proliferation (Figs. 1 and 2, Table 2 ). Because CDR2 involves cell growth and proliferation, the risk for side-effects and iatrogenic complications of CDR2-modulating therapies is high. The drug 1,4-DPCA has been used to target proline hydroxylase domain (PHD) proteins. By inhibiting PHDs, HIF1α is stabilized even under normal oxygen levels. This creates a metabolic state of pseudohypoxia and facilitates tissue regeneration after injury (Zhang et al., 2015) . mTOR and its partners are needed to help coordinate anabolic cell growth. Phosphatidic acid that is newly synthesized from fatty acids and glycerol-3-phosphate, binds mTOR, alters metabolism, and stimulates growth (Menon et al., 2017) . Rapamycin and other mTOR inhibitors have antiproliferative and immunomodulatory effects and have been used to treat a mouse model of a mitochondrial disease called Leigh syndrome (Johnson et al., 2015) , but side-effects like delayed wound healing, stomatitis, hypercholesterolemia, and susceptibility to viral infections, may complicate broad extension to CDR-related chronic diseases in humans.
The AhR connects many pathways in CDR2. These include effects on redox signaling and HIF1α, circadian rhythm regulation through BMAL, and immune function via T reg cells (Gutierrez-Vazquez and Quintana, 2018) . Indoles from food and the microbiome, and kynurenine from the inflammatory arm of tryptophan metabolism, are natural ligands for the AhR. These effectors act through AhR to facilitate anti-inflammatory T cell and macrophage responses to prevent runaway inflammation during CDR2.
The differentiated functions of cells begin to appear again as cells leave the cell cycle of CDR2 and enter CDR3 (Figs. 1 and 2) . Cells become integrated intro the extracellular matrix and 3-dimensional structure of tissues once they have stopped growing in CDR3. Genes important for CDR3 function include AMPK (AMP-activated protein kinase), PPARs (peroxisome proliferator activated receptors α, β/δ, γ), RXRs (retinoid × receptors), BCL2, iron-sulfur cluster proteins, FXR (farnesoid × receptor; also called the BAR: bile acid receptor), and mitochondrial fusion proteins ( Table 2 ). The literature on each of these genes and gene families is extensive. Each plays a role in facilitating mitochondrial polarization from M0 and M1 in CDR2 to M2 organelles adapted for oxidative phosphorylation and the beginnings of metabolic complementarity and differentiated cell function in CDR3 (Fig. 2) .
Dangers of tonic, single-stage, CDR interventions
Many drugs have mitochondrial toxicity (Will and Dykens, 2018) . These drugs can benefit some people, but lead to catastrophic side effects in others. Predicting the mitochondrial risk has proven difficult.
The reason for this may lie in the fact that different drugs target mitochondrial functions in different stages of the healing cycle. Visualization of the healing cycle permits a conceptual understanding of how these drugs and certain genetic polymorphisms called ecoalleles (Naviaux, 2017) , can have a beneficial effect on one class of agingrelated disorders, while having a detrimental effect on others. For example, mitochondrial DNA variants that increase the risk of Parkinson disease (a CDR3-associated disease) also decrease the risk of prostate cancer (a CDR2-associated disease). This amphitropic effect of CDRselective factors is seen in both genes and drugs. It is likely that chronic treatments directed at any one of the checkpoints governing the healing cycle, will increase the risk of disease caused by unbalanced accumulation of cells in another stage of the CDR. For example, certain treatments of cancer (a CDR2 disease) will increase the risk of Alzheimer dementia (a CDR3 disease) (Driver, 2014) . Or a treatment for cardiovascular disease and hypertension (CDR2 disorders) will increase the risk of autoimmune disorders (CDR3). Evidence for this includes data on statin-associated polymyalgia rheumatica (de Jong et al., 2012) , and drug-associated Lupus. Likewise, it is theoretically possible, although not yet demonstrated, that chronic preventive therapy for dementia (CDR3), will increase the risk of certain cancers (CDR2) by decreasing excitotoxicity and the removal of mutant cells by immune surveillance. Chronic treatments for pain and inflammation syndromes associated with CDR1 disease may increase the risk of diabetes and cardiovascular disease (CDR2-assoicated disorders), and/or autoimmune disease (CDR3-associated disorders) (Chang and Gershwin, 2011) . Subdivisions within each of the CDR stages are likely to exist. For example, the fact that statin treatment for cardiovascular disease increases the risk of diabetes (Chrysant, 2017) suggests that these two disorders belong to functionally separate subdivisions within CDR2 (Table 1, Fig. 2 ). Further resolution of subdivisions within each stage of the CDR, and corrections of any errors in this first version of the model will require future research. However, without an understanding of the pathophysiology of the healing cycle ( Figs. 1 and 2) , there is no unified framework for predicting the complex side-effects of old and new treatments for chronic disease.
Evolutionary origins
It is no accident that the stages of healing recapitulate the chemical evolution of animal cells. The Precambrian Earth had an atmosphere that was largely devoid of oxygen. When capillaries, lymphatics, or glymphatics in the brain (Plog and Nedergaard, 2018) are torn by injury or decreased by disease, oxygen delivery and waste removal are impaired. An alternative method of energy production must occur if cells experiencing hypoxia are to survive. Under conditions of impaired oxygen delivery, oxidative phosphorylation is handicapped and glycolysis becomes a more reliable source of energy. Once the damage is contained, aerobic glycolysis provides a way of removing excess oxygen, which is genotoxic, to protect against DNA damage, while permitting rapid cell growth needed for biomass replacement. This patterned sequence of metabolic transitions needed for orderly wound repair, tissue regeneration, and differentiation has been studied recently in a classic model of healing and regeneration in flatworms (Planaria) (Osuma et al., 2018) .
Allostasis and the mitochondrial nexus
Allostasis is a concept that was introduced in the late 1980s by Sterling and Eyer (Sterling and Eyer, 1988) . The authors gave credit to Professor Charles Kahn at the University of Pennsylvania for suggesting the term. Allostasis literally means "stability through change". Brain control of metabolism was a fundamental principle described in this paper. Allostasis embodied the idea that all body functions need to be adjusted dynamically according to continuously changing environmental conditions to achieve maximum fitness for long-term survival (Lapp et al., 2018) 17 Liver xenobiotic detoxification (Jeske et al., 2017) 18 Renal tubular secretion and reabsorption (Kim et al., 2012) 19 Autonomic nervous system dynamics (Ford et al., 2015) 20 Innate immunity, inflammation, allergies, autoimmunity (Hoffmann and Griffiths, 2018; Mills et al., 2017) 21 Energy, glucose, and lipid metabolism (Anupama et al., 2018) 22 Hypertension and cardiovascular stress responses (Lahera et al., 2017) R.K. Naviaux Mitochondrion xxx (xxxx) xxx-xxx and reproduction. While the concept of "homeostasis" taught in medical schools today describes the idea that every measureable parameter in the body has an "optimum set-point" that is continuously defended based on local signals, allostasis points out that all physiologic parameters vary within large dynamic limits according to recent, current, and anticipated future environmental conditions based on brain coordination of the needed physiologic adjustments. The range of variation for any given parameter is very large in the young, but the capacity to achieve the same dynamic highs and lows decreases with age. This decline is associated with an age-related decrease in the physiologic reserve capacity of every organ system. In an example given by the authors, when blood pressure was measured continuously for 24 h in a young man, values of 110/70 were maintained for several hours during the day. It dropped to 90/55 for an hour when he fell asleep during a lecture. Preparing for work in the morning produced a value of 140/80 for 2 h, while dropping to 70/40 for 6 h at night during sleep, and to 50/30 for 1 h during deep sleep (Sterling and Eyer, 1988) . The point of allostasis is that each of these blood pressures is "normal" for the conditions during which they occurred. Over time, if higher blood pressure is maintained, the smooth muscle lining of blood vessels becomes thickened and even higher blood pressures are required to maintain the same resting blood flow. Sterling and Eyer point out that under conditions of unpredictable environmental stress, the brain becomes "addicted" to systems and signaling molecules (hormones, neurotransmitters, cytokines, and metabokines) needed to produce rapid arousal states, and the anticipatory stress responses become the norm. This complicates treatment. Some therapies can result in "withdrawal" symptoms, making a return to a healthy ground state difficult to maintain without a persistent change in diet and lifestyle.
McEwen and Stellar introduced the concept of allostatic load (AL) in the early 1990s (McEwen and Stellar, 1993) . Under this concept, when homeostasis fails in the face of multiple types of environmental stress, many different types of disease can result. Recent multivariate analysis of 23 measurable parameters, reporting on 7 physiologic systems that regulate the stress response concluded that AL was a valid construct for operationalizing the components of variance contributed by many different stressors (Wiley et al., 2016) . Interestingly, all the metabolic, inflammatory, neuroendocrine, and gene expression changes that occur in response to stress are regulated by mitochondria (Picard et al., 2015) . McEwen and coworkers have recently incorporated the idea of mitochondria as the nexus for regulating the biomarkers of AL and chronic disease (Picard et al., 2017) . Mitochondria help coordinate the large majority of stress response systems that become activated by allostatic load (Table 3) .
Under the healing cycle model for chronic disease, allostatic load initiates the CDR and the healing cycle. In most cases of persistent chronic illness lasting for > 3-6 months, mitochondria are not dysfunctional. They are just stuck in a developmental stage that was intended to be temporary, unable to complete the healing cycle. The healing cycle requires a programmed change in mitochondrial function-a shift from M2, to M1, to M0 organelles, and back to M2 (Figs. 1  and 2 ). When the programmed change becomes fixed and is unable to cycle normally, chronic illness results (Table 1) . Over time, sustained changes in mitochondrial function can lead to structural changes in tissues and organs that can make full recovery more difficult.
The dauer failsafe response in humans-ME/CFS
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is an energy conservation program-a suite of metabolic and gene expression changes-that permits persistence under harsh environmental conditions at the expense of reduced functional capacity, chronic suffering, and disability (Naviaux et al., 2016) . A formal animal model for ME/CFS has not yet been developed. However, several energy conservation states are known that are activated by harsh environmental conditions. One of these is called dauer, the German word for persistence, or to endure. When dauer is triggered by harsh conditions, the life expectancy of a classical genetic model system, the 1 mm long worm Caenorhabditis elegans, is extended from 2 to 3 weeks to up to 4 months. Animals that fail to enter dauer under harsh conditions die at an increased rate. In this sense, the metabolic program activated by dauer is a failsafe mechanism that increases the chances of survival in a harsh and unpredictable environment.
Interestingly, the genes involved in inhibiting and promoting dauer have been a rich resource for the study of longevity (Uno and Nishida, 2016) . Many DAF (dauer associated factor) genes are also regulated by caloric restriction, a common environmental stress known to increase life expectancy in mammals and many other animals. Despite the fact that dauer worms live longer than unstressed animals, it is not a fully functional life. Mitochondria polarize toward a hardened M1 configuration that is adapted for inducible reactive oxygen species (ROS) production, metabolic energy production shifts toward increased usage of glycolysis, which allows dauer animals to survive in reduced oxygen environments (Hand et al., 2011) . Some fatty acid oxidation is still conducted by the newly-polarized mitochondria to permit stored fat reserves to be used for energy, while peroxisomes use very long chain fatty acids to synthesize a glycolipid pheromone (a daumone) needed to induce and maintain the dauer state (Joo et al., 2009) . Behavioral responses become "brittle", such that small stimuli produce large responses in otherwise docile animals. Dauer animals are also more resistant to cold-stress (Hu et al., 2015) , ultraviolet (UV) light (Murakami and Johnson, 1996) , and salt stress. Significant changes in circadian rhythm regulation (Driver et al., 2013) , innate immunity (Holt, 2006) , behavior , and sensory processing (Chen and Chalfie, 2014 ) also accompany the dauer phenotype. Overall, the dauer state and other hypometabolic states permit survival under harsh conditions, but at a high price of much-altered and much-restricted normal function.
The good news is that the dauer state in the worm model is completely reversible. If dauer is a good model for ME/CFS, then there is hope that by studying the molecular controls of the dauer phenotype, new treatments might be discovered rationally to help stimulate the exit from the dauer-like state and begin the process of recovery. The following is a summary of a plausible sequence of pathogenesis for ME/ CFS. All stressed cells leak ATP through stress-gated pannexin/P2X7 and other channels. Extracellular ATP (eATP) signals danger and CDR1 is initiated (Fig. 1) . If the acute cell danger response and healing cycle fail to eliminate the stress and stop the ATP leak by successful completion of CDR3, then an energy conservation program is activated. Normal cell activation pathways utilize lipid rafts and sphingolipid microdomains on the cell membrane to facilitate metabokine-and cytokine-receptor binding and signaling by receptor subunit dimerization. Sphingolipids are downregulated in most cases of ME/CFS (Naviaux et al., 2016) and may facilitate an energy conservation state.
The dauer-like energy conservation program in mammals may also involve a ligand-receptor desensitization process, decreasing the ability of cells to release intracellular calcium when needed. Calcium stimulates mitochondrial oxidative phosphorylation. When stimulated by ATP and related nucleotides, IP3-gated calcium release is decreased (Schmunk et al., 2017) , and mitochondrial and whole cell reserve capacity is reduced. Other mechanisms for downregulating mitochondrial energy production can contribute to this energy conservation state. A multifactorial reduction in mitochondrial pyruvate dehydrogenase complex activity in ME/CFS has been described (Fluge et al., 2016) . Upregulation of ectonucleotidases like CD39 and CD73 can increase the conversion of ATP and ADP to AMP and adenosine. Both AMP and adenosine bind adenosine receptors (Fig. 4A) and produce a reversible hypometabolic state in mice that is protective against many environmental stresses, including lethal irradation (Ghosh et al., 2017) . Continued leakage of ATP to the extracellular space for CDR signaling also creates a source for the hypometabolic signaling molecules AMP and adenosine, while depleting intracellular reserves of ATP.
Although not yet tested in a clinical trial in patients with ME/CFS, the ATP and UTP leak might be stopped by blocking the efflux of nucleotides through the pannexin/P2X7 channel with an antipurinergic drug, thereby unblocking the healing cycle (Fig. 1) and permitting recovery to begin. This is similar to a strategy recently tested in a clinical trial in autism spectrum disorder and illustrated in a whiteboard animation available at: https://www.youtube.com/watch?v= zIdUufy8Lks.
Reversibility of chronic illness
If a chronic illness occurs because of a change in function associated with blocks in the CDR, and not a change in structure or loss of cells, that illness is theoretically reversible, ie, curable. When the healing cycle is unblocked, a full recovery is possible. Because the path leading to healing and recovery is different from, and not the reverse of the path that led originally to the disease (Fig. 3) , the term "reversibility" is technically incorrect. This point is expanded in Section 29 below. Even when there is some cell loss, scarring, calcification, or other structural change, some healing is still possible by tissue remodeling, but a full recovery becomes more difficult to achieve. Autism spectrum disorder (ASD) can be classified as a CDR3 disorder (Table 1) , characterized by both functional and brain structural changes that can vary significantly in severity. In a mouse model of autism, when treatment was delayed until the human biological age-equivalent of 30 years old, the core functional abnormalities in behavior and metabolism in ASD could still be completely corrected with antipurinergic therapy (APT) with suramin, but the gait abnormalities associated with the structural loss of cerebellar Purkinje cells were not reversed .
In the case of cancer, cardiovascular disease, and other proliferative disorders associated with CDR2 diseases (Table 1) , metabolic, innate immune, and adaptive immunity can reduce the burden of abnormal cells by removing them. Successful reactivation of CDR1 in the surrounding normal cells, followed by entry into CDR2 for biomass replacement and CDR3 to facilitate tissue remodeling, may result in functional cures for the major symptoms of some CDR2 disorders, even if some limitations remain because of imperfect biomass replacement and tissue remodeling. In the case of CDR3 diseases like autism, treatments directed at unblocking the healing cycle and rebooting metabolism may lead to remarkable clinical improvements .
The tempo of physiologic change
The tempo of chronic disease is slower than many people might think. Like a new exercise program, and shifts in metabolism after making an abrupt change in diet, new metabolism and physiology take at least 3 weeks in young adults to settle in to the "new normal". The temporal parallel between disease, diet, and exercise is no accident. The ability to shift metabolism according to seasonal changes and new patterns of food availability within a few weeks of migration to a new location was key to the survival of our ancestors. This timing is built into our genes. It takes 3-4 days before new patterns of gene expression begin to consolidate, and about 3 weeks for new physiologic patterns to "reset" to a new normal after a change in diet, exercise, and other environmental conditions. It takes more time to fully commit to the change. Ultimately, it takes a season of about 3 months or more to fully commit to new foods, physical activities, and environmental exposures (sun, monsoons, droughts, hard freezes, etc) of the season. Three months is also the average minimum time needed to demonstrate synaptic remodeling with exercise or meditation (Thomas and Baker, 2013) . A similar tempo might be needed to "reboot" and reset metabolism to a new normal after starting a new treatment for a chronic disease.
Metabolic addiction
Once the CDR is unblocked and the healing cycle rebooted, the simplest form of the CDR model predicts that recovery will follow naturally, and health will persist because the genes inherited from our ancestors will defend health in preference to disease and disability. Clinical experience suggests this is not always true. Many patients tend to drift back to the old disease state unless they continue to take measures to actively prevent relapse. This phenomenon may be metabolically similar to addiction. Addiction is a physiologic condition characterized by a baseline physiologic arousal or anxiety state that is temporarily quenched or relieved by a particular behavior or drug. A large body of research has shown that the predisposition to addiction is conditioned by genetics, epigenetics, environmental chemicals, and life stress (Yuan et al., 2016) . The most successful alcohol and drug rehabilitation programs teach that recovery is a lifelong process. An addict is never "cured". They are taught to identify themselves as a "recovering alcoholic" or "recovering gambling addict" for life to strengthen resilience and decrease the risk of relapse.
The concept of metabolic addiction suggests that the increased risk of relapse after recovery from chronic illness is the result of a physiologic dependence on the endogenous chemical state produced by a particular stage of the CDR. For example, once a person has suffered from an episode of major depressive disorder (MDD) and recovered, the risk of recurrence is 3-6 times greater than the background population risk (Hoertel et al., 2017) . This latent risk suggests that predisposing genetic and/or metabolic factors persist that facilitate a drift back to chronic illness, even after predisposing environmental risks are removed. New studies using metabolomics methods will be needed to test this hypothesis directly.
The brain controls metabolism and exit from the CDR
The last step in the healing cycle, CDR3, is ended when the brain reestablishes bidirectional neuroendocrine and autonomic communication with each organ system. Only after the brain re-integrates metabolism over the periodized course of wakeful activity and restorative sleep can the health cycle be re-established. The vagus nerve plays and important role in communicating information from tissues to the CNS. Vagal mechanoreceptors and chemoreceptors monitor organ physiology (Powley et al., 2011) . Eighty percent of vagus nerve fibers are made up of sensory fibers returning information from all organ systems to the brain. Among the chemoreceptors are vanilloid (TPRV1) and the purinergic P2X3 receptors responding to noxious stimuli, and extracellular ATP, respectively (Hermes et al., 2016) . Vagal afferents terminate in excitatory glutamatergic synapses in the nucleus tractus solitarius (NTS). From the NTS, extracranial sensory information is transduced and distributed widely throughout the brain. NTS fibers project back to the ventral vagal complex of the nucleus ambiguus and the dorsal vagal complex of the dorsal motor nucleus of the 10th cranial nerve (DMNX) as feedback to the vagus. Feedback to the nucleus ambiguus modulates signals conducted along myelinated motor fibers to the vagus nerve for rapid changes in cardiorespiratory and vasomotor function, swallowing, speech, and hearing that occur with stress and well-being (Porges, 2011) . The NTS also projects to the locus coeruleus in the reticular activating system to regulate behavioral responses to stress and panic, and to the amygdala in the limbic system, and the paraventricular nuclei of the hypothalamus to regulate physiologic and neuroendocrine responses to stress.
Brain neuroendocrine and autonomic systems function as bidirectional circuits. When CDR stages 1 and 2, or the first parts of CDR3 are active in the periphery, this information is carried to the brain along three channels; endocrine feedback, autonomic afferents, and chemosensory neurons. When this information is received, the brain initiates sickness behavior and sends pro-inflammatory, pro-stress, pro-arousal endocrine and autonomic efferent signals to the periphery. Sleep structure is also altered to facilitate recovery and promote survival. The default state in both the brain and peripheral tissues is CDR activation. In the absence of additional information, danger and threat are assumed. Healing is an active process that requires positive reinforcement with non-danger, safety and security signals from the brain. Brain inflammation can last for a lifetime after physical injury (Johnson et al., 2013) or early life stress (ELS) and psychological trauma (Cameron et al., 2017) . In addition, peripheral pain syndromes and organ inflammation are common after brain or spinal cord injury (Irvine et al., 2018) or brain death (Esmaeilzadeh et al., 2017; Jafari et al., 2018) . Unresolved CDR activation by adverse childhood experiences (ACEs) and socioeconomic factors may also play a role in many other adult illnesses like heart disease, cancer, and stroke (Cassel, 1976; Hughes et al., 2017) . Once the CNS efferent and local tissue CDR signals are effective, metabokines in the blood return to normal, cell danger signals diminish, and non-danger, pro-resolving, and pro-healing signals predominate.
Metabokines like purines, pyrimidines, amino acids, bioamines, fatty acids, eicosanoids, sphingolipids, phosphatidic acids, lysophospholipids, and many others, in addition to critical blood chemistry information like sodium and osmolality are independently monitored by chemosensory neurons in the 8 circumventricular organs (CVOs) of the brain (Siso et al., 2010) . These chemosensory neurons lack a blood brain barrier and provide continuous sensory information that is independent of endocrine feedback and autonomic afferents. One of the well-known CVOs is the area postrema (AP) located at the floor of the 4th ventricle that contains the chemoreceptor trigger zone and regulates nausea and vomiting. The AP sends fibers that project to the nucleus tractus solitarius (NTS) to modulate the response to vagal sensory information (Hay and Bishop, 1991) . Once blood chemistry starts returning to normal, chemosensory neurons of the CVO system communicate this information to neuroendocrine and autonomic systems to gradually shift efferent information back to anti-inflammatory, anxiolytic, pro-resolving, and pro-social signals. This shift in outflowing information from the brain marks the last stages of CDR3 and is required for re-entry into the health cycle of wakeful activity and restorative sleep (Fig. 1, Table 2 ).
Deterministic health and stochastic disease
While it is not possible to predict when and how an injury will happen, the chance that injuries and infections will happen is a certainty for all life on Earth. Without a way to heal after these injuries, any species would go extinct. The genetic program that facilitates recovery from any injury has been highly selected and tuned over evolutionary time. We now know that the healing cycle activates discrete sets of genes in a predictable sequence after injury. While injury is random, recovery and health are deterministic. Recovery is the programed result of the healing cycle (Fig. 1) . Recovery occurs in the large majority of cases when the healing cycle is activated. Yet, why is it that some individuals get sick from common exposures, and cannot complete the healing cycle? For example, Epstein-Barr virus (EBV) is a risk factor for ME/CFS. In the US, 82% of people have been exposed to EBV by the time they are 19 years old (Dowd et al., 2013) . If EBV is "the" cause, why do fewer than 1% of the US population have ME/CFS? Clinicians have documented dozens of other risk factors that can contribute to the chances of developing ME/CFS. An interesting point about chronic disease is that every non-infectious, chronic illness is caused by a perfect storm of several factors, not by one factor. The chances that this perfect storm of factors for a particular disease will occur for any one patient in a population of millions is small. But once disease strikes, the small initial probability rises to 100% certainty for that person. Therefore, as the environmental factors like pollution and food chain contamination start to increase, more people are exposed to risk, and more individuals will develop chronic illness. Reducing the environmental factors that contribute to risk will reduce the incidence of chronic illness.
So is chronic illness deterministic or stochastic? Scientists are most comfortable with deterministic, linear chains of logic. If cause "A" leads to disease "B" in 100% of people exposed and disease "B" never occurs without an exposure to cause "A", then there is little room for debate. Cause "A" is necessary and sufficient to produce disease "B". The problem is that literally none of the top 10, non-infectious chronic illnesses in the world has a single cause that produces the disease in every person exposed. Heart disease, diabetes, stroke, dementia, cancer, arthritis, autism, ADHD, depression, and schizophrenia all have dozens of risk factors, but no single "cause". By reducing the exposure to the risk factors, a nation can prevent a large percentage of all chronic illness in its citizens. Chronic illness is best modeled as a stochastic process, with an incidence that is modifiable by increasing or decreasing risk factors. This means that in large populations like the 325 million people in the United States, the management of even small chemical risk factors by a proactive government can produce dramatic changes in the incidence of chronic illness and its ripple effects in society. For example, if a hypothetical chemical were ubiquitous and synergized with the background mix of factors to increase the risk of mental illness leading to gun violence in just 0.001% of the population, removal of that chemical from the environment would result in 3250 (0.001% × 325 million) fewer cases of mental illness and gun violence each year.
A new pharmacology
In the past, student physicians and pharmacologists have been taught that drugs work by mechanisms that are the same in health and disease. While this was true for drugs designed to treat acute illneses, the treatment of chronic disease forces a revision of the old teaching. The health cycle and the healing cycle represent different biological states that have different bioenergetics, and different governing dynamics (Fig. 1, Table 2 ). Biology and pathobiology are qualitatively distinct states of function. Both are normal. However, the functional state associated with pathobiology (the healing cycle) is only normal when it occurs transiently. Pathological persistence of the stages of the healing cycle lead to chronic illness and the inability to heal. Drugs that will work best for treating chronic illness will target receptors like those illustrated in Fig. 5A that play key roles in the healing cycle, but remain virtually unused, or are used differently in health.
Personalized pharmacogenomics will help refine the new pharmacology as it has the old (Caudle et al., 2016) , once the best targets in the healing cycle have been identified. A goal of the new pharmacology will be to discover new treatments for chronic illness that have targets that are active in disease, but are dormant in health, and therefore have little or no effect in healthy children and adults. Like Paul Ehrlich's magic bullet (Tan and Grimes, 2010) , the new drugs will have fewer side effects because once the disease is cured and the patient has recovered, the target of the drug will have disappeared, and the bullet can pass without causing harm. The need for chronic drug use is then eliminated. While the simile is evocative, it is important to remember that "magic" bullets are not really magic. They just work by scientific mechanisms that have not yet been discovered, or are not yet well understood.
Failures of failure analysis
A fundamental difference between living and inanimate systems is that living systems can heal and inanimate systems cannot. When a machine or other manmade object of technology fails, the analysis of the mechanism of failure has proven to be a logical and effective way to discover a fix for the problem. For example, once the defect in the optics of the Hubble Space Telescope was precisely characterized, a solution was engineered to compensate for the defect, thereby fixing the problem. This same engineering logic is often applied successfully to "fix" acute illnesses in living systems. In contrast to acute illnesses, many chronic disorders are self-sustaining alternative performance or failure states that limit the potential for independence in a child and reduce the quality of life in children and adults for years.
New tools in systems biology like genomics, RNAseq, proteomics, and metabolomics have created the ability to minutely characterize the way a system has failed in any one of the complex disorders listed in Table 1 . The same tools can be applied to individuals with any given chronic disease as part of a precision medicine effort to phenotype that patient at the molecular level. The results of this precision medicine analysis have shown that chronic illnesses are characterized by hundreds of molecular differences from healthy control states. Historically, the pharmaceutical industry has systematically analyzed the molecular paths that lead to a recognizable disease state and have cataloged the defects present once that disease state becomes persistent. This information was then used to identify drugable targets. This approach to treat chronic disease in living systems has failed to produce cures because it is more like engineering than biology. Living systems engage the same evolutionarily conserved path to cellular recovery after injury-the same healing cycle with minor modifications-regardless of the mechanism of injury (Fig. 1) . Biological healing in a living system does not involve the precise identification and point-for-point correction of each of the hundreds of defects present in chronic illness. Living systems do not turn back the arrow of time to retrace the path that led to the injury and illness. They move forward along a new path in order to heal (Fig. 3) , eliminating hundreds of abnormalities in step with progress through each stage of the CDR. Each step in healing represents a concerted regime change in metabolism and gene expression, like the rapid succession of cellular ecosystems that return the system back to optimum integrated performance. For these reasons, treating a unique target for each individual disease may not be necessary. The path that permits a patient to exit any given disease state, i.e., to recover from chronic illness, may be the same for hundreds of diseases. A new generation of drugs and devices designed to unblock the healing cycle may turn out to be able to treat many diseases. Only time, and good clinical trials, will tell if this hypothesis is true.
Conclusions
Beginning a 2nd book of medicine
Much of western medical teaching in the US in 2018 is based on principles that were developed historically to treat acute illnesses from poisoning, physical injury, and infections. These principles have been incorporated into the books and literature used to train modern physicians and health care workers. Philosophically, this corpus of knowledge can be thought of as "the 1 st book of medicine". When treatments developed to treat acute causes and specific organ system dysfunction are applied to chronic illness, they produce marginal improvements, almost never cure a chronic disease, and must be given for life. This is good from the point of view of a drug company that manufactures a drug, but not for patients, and not for a nation whose economic health is tied to the health of its citizens. Healing is a biologically active, energy-requiring process that is intrinsic to all life. Healing chronic illness cannot occur without engaging, unblocking, and actively supporting this universal system. "The 2 nd book of medicine" will focus on the prevention of chronic illness and the care and recovery of patients with chronic disease. This book will introduce the concept that many treatments for chronic illness will be directed at the processes that block the healing cycle. These new treatments may only need to be given for a short period of time to cure or improve a chronic illness. This might be functionally similar to applying a cast to promote the healing of a broken leg. Treatment only needs to be given for a period of time needed for tissues to complete the healing cycle. When the cast is removed, the limb is weak, but after a period of time needed for reconditioning, the muscles have recovered, and the bone that was once broken is actually stronger at the point of injury than it was before. New drug treatments for chronic disorders like autism or PTSD, may only need to be given for a few months at a time, until the healing cycle can be completed, or the process of recovery, building strength, fitness, and resilience can be started and become self-sustaining again. Individuals may need occasional "tuneups" to maintain recovery over the years, since genetic predispositions, environmental conditions, and metabolic memories of past exposures may cause health to drift back to the previous disease pattern, but the majority of time might be spent without the need for chronic treatment, or the limitations caused by chronic illness.
Potential economic impact
Eighty-six percent (86%) of the $3.3 trillion spent annually on medical costs in the US is spent to care for chronic conditions (CDC.gov, 2017) . The cost of health care is predicted to rise to $5.5 trillion by 2025 because of chronic disease. This will require nearly 20% of the GDP of the US, estimated to be about $27 trillion (CMS.gov, 2017) , if the trend of relentlessly growing chronic disease is not reversed. Today, 30% of children under 12 years have a chronic disease, and another 20% will develop a serious mental illness in their teens (HHS, 2018) . Sixty percent of adult US citizens 18-64 years have a chronic disease, 90% of people over age 65 have at least one chronic illness, and 81% over 65 have 2 or more chronic conditions (CDC.gov, 2017) . Shifting healthcare insurance policies from multi-payer to single-payer or back will have little effect on this cost. The fact that more Americans are getting sick, and not small variations in insurance policies, is driving the lion's share of rising costs. If just 10% of people now suffering with chronic illness could be cured by new methods directed at the healing cycle, more than $250 billion (10% × $2.5 trillion) would be saved annually. The savings in a single year would be more than the annual budgets of the National Institutes of Health (NIH; $37 billion), Environmental Protection Agency (EPA; $8.7 billion), Food and Drug Administration (FDA; $5.1 billion), and the US Department of Agriculture (USDA; $151 billion) combined.
Summary
Interruptions in the molecular stages of the healing cycle may be at the root of many complex, chronic illnesses. Three stages of the cell danger response (CDR1, 2, and 3) comprise the healing cycle. These stages are triggered by stress or injury and controlled by changes in mitochondrial function and metabolism (Figs. 1 and 2, Table 2 ). Many metabolites are metabokines that bind to dedicated receptors and signal when a cell is ready to enter the next stage of healing (Figs. 4 and 5) . Purinergic signaling from the release and metabolism of extracellular nucleotides plays an important role in all stages of the healing cycle (Fig. 1) . Programmed changes in the differentiation state of mitochondria, known as M0, M1, and M2-polarized organelles, and corresponding changes in cellular redox and the repurposing of cellular energy for cell defense and healing, also play fundamental roles (Fig. 2,  Table 3 ) (Naviaux, 2017) . When a stage of the healing cycle cannot be completed, dysfunctional cells accumulate that contain developmentally inappropriate forms of mitochondria, organ function is compromised, and chronic illness results (Fig. 3) . Over 100 chronic illnesses can be classified according to the stage of the CDR that is blocked (Table 1) . Unblocking therapies directed at stimulating the completion of the healing cycle by regulating metabokine signaling hold promise as a new approach to treatment. A small clinical trial of the antipurinergic drug suramin in autism spectrum disorder (ASD) has shown promise for this approach (Naviaux, 2017; Naviaux et al., 2017) . Metabolic addiction to the chemistry produced by different stages of the CDR can occur. When this happens, it can create a life-long risk of relapse or slow return to chronic illness if diet and lifestyle interventions are not maintained.
Prevention and treatment of chronic illness require distinctly different, but complementary approaches. New cases of chronic illness can be prevented by reducing the environmental risks that trigger the damage cycle of the CDR, and by promoting exercise, nutritional and life-style changes that promote resilience and maintain the health cycle (Fig. 1) . However, once illness has occurred in a given patient, the opportunity for prevention is lost, and a perfect storm of multiple triggers can usually be identified. Many triggers are remote and no longer present. Once any remaining triggers have been identified and removed, and any symptoms or primed sensitivities caused by the metabolic memory of those triggers have been treated, a new approach to treatment is required to improve the chances of completing the healing cycle and achieving a full recovery. By shifting the focus away from the initial causes, to the metabolic factors and signaling pathways that maintain chronic illness by blocking progress through the healing cycle, new research will be stimulated and novel treatments will follow. Supplementary data to this article can be found online at https:// doi.org/10.1016/j.mito.2018.08.001.
